Combined lignocellulose fractionation technology (LFT) and separate hydrolysis fermentation (SHF) for the production of ethanol from bamboo residues and corn stover were investigated by using Zymomonas mobilis. In this process, the highest ethanol concentration reached 4.72 g/l from pretreated bamboo shoots shell fiber (BSSF) and the ethanol yield were 55.82% of the theoretical within 24 h at 30°C. However, during the SHF process at different conditions, about 25.0%-40.0% of the reducing sugar produced by enzymatic hydrolysis remained in the ferment medium. These results indicated that the combinated process of LFT and SHF is a useful method for lignocellulosic-to-ethanol. Bamboo residues are also not only an attractive feedstock for ethanol production like corn stover, but better, based on these results.
Introduction
The production and utilization of bio-ethanol has attracted more and more attention as a strategy for reducing greenhouse gas (GHG) emissions and improving global energy security. In general, commercial bio-ethanol production mainly depend on fermentation of sucrose from sugarcane and molasses, or glucose derived from starch-based crops such as corn, wheat and cassava (Davis, Rogersb, Pearcec, & Peirisa, 2006) . Brazil and the US together accounted for about 60.0% of the world ethanol production exploiting sugarcane and corn, respectively (Chandel et al., 2007) . However, using these food crops for ethanol production may raise concerns of food security (M. R. Schmer, 2008) , environmental degradation debate (Pimentel & Patzek, 2005) and other issues. Fortunately, there is a growing interest worldwide to develop new and cheaper carbohydrate sources for production of bio-ethanol (Balat & Balat, 2009 ). The most attractive feedstock source is the lignocellulosic biomass, from which ethanol or other chemical agents can be produced via saccrification and fermentation (Lynd, Cushman, Nichols, & Wyman, 1991; Zaldivar, Nielsen, & Olsson, 2001) . Recently, dedicated energy crops such as switchgrass (M. R. Schmer, 2008) , Eichhornia crassipes (G. O. Ogawa Masami, 2008) , and agricultural or forestry residues, have paid more and more attention for bio-ethanol production. These major cellulosic ethanol sources could potentially displace 30% of our current petroleum consumption (Perlack et al., 2005) .
Although considerable efforts have been made to produce bio-ethanol as an alternative source of fuel from lignocellulocis materials in the past decades, the cost-competitive process are also not in hand (Margeot, Hahn-Hagerdal, Edlund, Slade, & Monot, 2009) . Effectively releasing the locked polysaccharides from recalcitrant lignocellulose to fermentable sugars is among the greatest technical and economic barriers in the whole process (Zhang et al., 2007) . A number of lignocellulose pre-treatment technologies existed in both laboratory scale and as pilot plants, such as dilute acid, flow-through, ammonia fiber explosion, ammonia recycle percolation, lime, steam explosion, and organosolv (OS) pre-treatment (Mosier et al., 2005; Wyman et al., 2005a Wyman et al., , 2005b which have suffered from relatively low sugar yields, severe reaction conditions, large capital investment, or high processing costs (Eggeman & Elander, 2005) . Recently, a novel fractionating recalcitrant lignocellulose technology at modest reaction conditions was developed. Based on this technology, three components existed in lignocellulosic materials will be separated for further use. The cellulose component will be used for ethanol via enzyme saccrification and fermentation. The hemicellulose and lignin components may be used in muti-product lignocellulose biorefinery system (Zhang et al., 2007) .
Another barrier or challenge is absent robost organsim for ethanol production. Currently, different recombinant strains have been engineered to produce ethanol from lignocellulosic biomass, such as genetically engineered Saccharomyces cerevisiae (Eliasson, Christensson, Wahlbom, & HahnHagerdal, 2000; Ho, Chen, & Brainard, 1998; Zhang, Eddy, Deanda, Finkelstein, & Picataggio, 1995) , Escherichia coli (Ingram, Conway, Clark, Sewell, & Preston, 1987) , Klebsiella oxytoca (Ohta K, 1991b) , and Zymomonas mobilis (Zhang et al., 1995) , which provide a basis for constructing an industrially suitable engineered strain on cellulose ethanol industrialization. Among all these strains, Z. mobilis used historically in tropical areas to make alcoholic beverages from plant sap (Skotnicki, Warr, Goodman, Lee, & Rogers, 1983) , showed fast growth rates and high specific ethanol production compared with S. cerevisiae. The advantages that Z. mobilis holds over traditional yeast processes has led to more economical methods of producing ethanol (Jeffries, 2005; Panesar, Marwaha, & Kennedy, 2006; Rogers, Jeon, Lee, & Lawford, 2007; Swings & Deley, 1977) . However, its narrow spectrum of fermentable carbohydrates has limited its use, especially for fuel ethanol production from lignocellulosic materials (Swings & Deley, 1977) .
Bamboo is perennial woody grass belonging to the Gramineae family and Bambuseae subfamily and distributed widely in Asia. China is a major bamboo-producing country and has about 300 species in 44 genera, occupying 3% of total forest area (Scurlock, Dayton, & Hames, 2000) . Bamboo has been widely used as the feedstock of paper, textile, food, construction and reinforcing fibers. However, about 30% of bamboo residues from this process have been discarded. It should be regarded as an attractive feedstock for ethanol production. Recently, some studies also indicated bamboo culms and bamboo residues could be exploited as the feedstock of biomass energy, such as ethanol and methanol for its high productivity (Kobayashi, Take, Asada, & Nakamura, 2004; Scurlock et al., 2000; Tsuda, Aoyama, & Cho, 1998) .
So, in our current work, we combined lignocellulose fractionation technology (LFT) and separate hydrolysis fermentation (SHF) to ferment cellulose hydrolyzate into ethanol from bamboo residues and corn stover by Z. mobilis. The hemicellulose and lignin components will be used for further muti-product biorefinery.
Material and Methods

Raw materials and composition analysis
Raw materials including bamboo shoots shell fiber (BSSF), bamboo stem and leaf (BSL) and corn stover (CS) were obtained from land in Ermei (Sichuan, China). These raw materials were air-dried (for more 10 days) and then milled to 20-80 meshes, and then dried to ensure low moisture (approx 10%) content before use (As shown in Fig. 1 ). All of the materials were stored in plastic bags at -20℃ until further analyzed or processed. Samples used for compositional analysis were prepared according to the NREL-LAP001 (Hames et al., 2005) . Cellulose was determined by HNO3-ethanol method, lignin by 72% H2SO4 method, and hemicellulose by two-brominating method (Liu, 2004) . Moisture and ash content of the raw materials were analyzed according to the method of NREL-LAP012 (Ehrman, 1994b) and NREL-LAP005 (Ehrman, 1994a) , respectively. All components were summarized in Table 1 . 
Microorganism and nutrients
Z. mobilis ATCC29191 (China Center of Industrial Culture Collection) was cultured without shaking in Rich media (Goodman, Rogers, & Skotnicki, 1982) at 30°C. Cultures were maintained on glucose agar (20.0 g/l glucose, 10.0 g/l yeast extract and 15.0 g/l agar). Organism was subcultured to fresh inoculum media for 24 h at 30°C before being inoculated into the fermentation medium. Inoculum medium (g/l) consisted of 10.0 g yeast extract, 1.0 g MgCl2, 1.0 g (NH4)2SO4, 1.0 g KH2PO4, 50.0 g glucose.
Pretreatment with lignocellulose fractionation technology
Raw lignocellulosic materials were pretreated with previous methods (Zhang et al., 2007) . One gram of dry lignocellulose was placed in a 50 ml disposable plastic centrifuge tube, and then mixed with 8 ml of pre-calibrated concentrated phosphoric acid (of not less than 83%) using a glass rod. The solid/liquid slurry was incubated in a rotary water bath at 90 rpm and 50°C. After the reaction, 20 ml of pre-cold acetone was added into the tube for quenching the reaction, and then mixed well by force. After centrifugation (3,500 rpm, 20 min, room temperature), the supernatant was collected. The solid pellet was suspended by 40 ml of the acetone and centrifuged three times. The supernatants from acetone washes were collected for separation of lignin, acetic acid, and acetone. After acetone removal from the supernatant by simple evaporation, the lignin precipitated from aqueous phosphoric acid was centrifuged, washed by water, dried, and stored. The solid pellets, after acetone washes were suspended in 40 ml of distilled water and centrifuged three times, the supernatants were combined. The acetone in the combined supernatant was evaporated in a chemical fume hood and the residual hemicellulose sugar was collected for further use. These water-insoluble solids were used for enzymatic hydrolysis.
Separate hydrolysis and fermentation (SHF)
Enzymatic saccharification experiments were carried out in stoppered conical flasks (500 ml) in the presence of 0.01% (w/v) sodium azide. The pH was adjusted to 4.8 with 100 mM sodium citrate buffer solution and 1.68 filter paper unit (FPU) cellulase of Trichoderma reesei with FPA (84 FPU ml −1 , purchased from the Ningxia xiasheng Co. Ltd.) per gram of raw material in a total working volume of 200 ml. The enzymatic hydrolysis of the solid residues was performed at 50 °C and 120 rpm for 6-12 h in a shaking bath with (pH4.8). Sample aliquots of 1 ml were taken periodically and centrifuged, and the supernatants were analyzed for soluble sugars. The enzymatic digestibility was calculated as previously reported (Li, Kim, Jiang, Kang, & Chang, 2009 ).
All hydrolyzates were adjusted the pH to 6.5 with NaOH, followed by centrification at 12,000×g for 5 min at room temperature to remove any precipitate formed before using as substrate for the following fermentation. The supernatant was supplemented with additional nutrients to give the fermentation medium containing 1.0 g/l (NH4)2SO4, 1.0 g/l MgCl2, 1.0 g KH2PO4, 10.0 g yeast extract, and then sterilized for 15 min at 115°C. The medium consisted of the same nutrients plus 100.0 g/l glucose was used as control.
SHF fermentation were performed in 100-ml shaken flasks, containing 50 ml fermentation medium and 10.0% (v/v) inoculum were inoculated for 96 h at 30 °C without shaking. Sample aliquots of 1 ml were taken periodically and centrifuged, and the supernatants were used for monitoring the concentration of reducing sugar, the cell concentrations and ethanol.
Analytical methods
Reducing sugars were determined by the DNS method (Ayeni et al., 2013; Miller, 1959) . Cell growth was determined by monitoring the optical density at 600 nm. Ethanol was assayed using GC103 with a glass column (0.26×200 cm) filled with Porapak Type QS (80-100 mesh, Waters, Milford, MA) at 150 °C and a FID detector at 80 °C. N2 is the carrier gas (30 ml/min).
Results and Discussion
Characterization of different raw materials
Hemicellulose, cellulose, lignin and moisture content of the raw materials were summarized in Table 1 , which shows the average composition of the three lignocellulosic materials expressed in weight percent of the dry matter. The raw material composition of corn stover was lower than previously reported (Liu & Charles, 2005) . It may be due to the cultivation climate or the harvest season. The cellulose and hemicellulose content in BSSF and BSL was lower than corn stover (Table  1) . However, the lignin content in BSSF and BSL was even lower than corn stover. Previous studies showed the lower lignin content can increase ethanol yields and decrease processing inputs (Chapple, Ladisch, & Meilan, 2007) . These results indicated that BSSF and BSL are a promising option as feedstock for ethanol production. On the other hand, bamboo is widely planted in Asian as the feedstock of paper, textile, food, construction and reinforcing fibers. After these processes, the use of bamboo residues, such as BSSF and BSL for bioethanol production will enhances the utilization of the crop, providing a good way to improve the bamboo-based-economy. 
Effect of time and sample loading on enzymatic hydrolysis
Previous studies have shown that the lignocellulose structure cannot be broken down at concentrations of less than 73% (Zhang et al., 2007) . So, the concentrated phosphoric acid (83%, v/v) was used in our work. It is easier under modest reaction conditions and may also lower the costs of pretreatment. The enzymatic hydrolysis of the three raw materials pretreated with LFT was studied in terms of 20.0 g raw materials. A portion greater than 70% of the cellulose in the BSSF and BSL were converted to glucose from 20.0 g raw material for 12 h (Fig. 2) . However, only 48.4% of the cellulose in the CS was hydrolyzed in our experiments. It may be due to the higher lignin content in corn stover, which tightly binding the cellulose and hemicellulose.
The concentration of reducing sugar in the resultant enzymatic hydrolyaste of BSSF, BSL and CS were 10.19 g/l, 9.66 g/l and 8.13 g/l during 6 h, respectively. When the enzymatic hydrolysis time was increased to 12 h, the concentration of reducing sugar was also enhanced to 16.14 g/l for BSSF, 13.71 g/l for BSL and 13.16 g/l for CS (Fig. 2) . When the initial raw material is 4.0 g, the resultant enzymatic hydrolyaste of BSL showed the highest concentration of reducing sugar (5.48 g/l) in 12 h. However, the BSSF and CS showed lower enzymatic digestibility when compared to the higher content raw material (Fig. 2) , indicating that the sample loading has little effect on enzymatic hydrolysis.
Fig 2.
Effect of time and sample loading on enzymatic hydrolysis
Ethanol production by SHF
After 24 h of fermentation, the quantity of ethanol obtained from each of the three pretreated materials was 3.25 g/l for the BSSF, 2.63 g/l for the BSL, and 2.15 g/l for the CS without adjusting pH value (4.8) of the ferment medium (Fig. 3a) . Accordingly, the ethanol yields were 55.82%, 41.59% and 37.13% of the theoretical, respectively. When the pH value of ferment medium adjusted to 6.5, the concentration of ethanol was increased to 4.72 g/l for the BSSF, 2.70 g/l for the BSL, and 2.28 g/l for the CS (Fig. 3b) . However, the ethanol yields didn't show the same trend compared to pH4.8 condition. It indicated that pH value wasn't a key factor for ethanol production in our experiments. The reasons for the lower ethanol yield maybe due to lower activity of cellulase in the process of enzymatic hydrolysis, which will lead to lower sugar utilization. As shown in Fig. 4 , during the SHF process at different conditions, about 25.0%-40.0% of the reducing sugar produced by enzymatic hydrolysis remained in the ferment medium. Previous studies have showed in the LFT pretreatment, the phosphoric acid removes almost all of the hemicellulose and partial lignin under moderate conditions; there was no additional harmful compounds produced during "clean" cellulose production (Li et al., 2009) , which facilitates enzymatic hydrolysis and Z. mobilis fermentation for some advantages (Rogers et al., 2007) . On the other hand, the hemicellulose and lignin components will be used for further muti-product biorefinery (Zhang et al., 2007) . The results showed that the pretreated materials by LFT and SHF could be used as lignocellulosic feedstock for bioethanol production. Based on this conjoined process, it would reduce investors' risk against fluctuating markets of a sole product and make it more economic. Future work will be focused on enzymatic hydrolysis to give more fermentable sugar by using higher activity of cellulase, advanced fermentation processes or cogeneration of valuable co-products. The optimization of these processes will be very useful for producing a higher concentration of ethanol.
Conclusions
The combination of lignocellulose fractionation technology (LFT) and separate hydrolysis fermentation (SHF) were applied in the pretreatment of BSSF, BSL and CS for ethanol production. These results indicated that the combined process of LFT and SHF is a useful method for lignocellulosic-to-ethanol. It also showed that bamboo residues are not only an attractive feedstock for ethanol production like corn stover, but better. Further improvement will be focused on different fermention technology, such simultaneous saccharification and fermentation, fed-batch SSF and robost organisms, which will be useful for increasing ethanol concentration.
